Nanometer materials have various significant properties which differ from atoms, molecules, and bulk materials ([@CIT0001]--[@CIT0006]). There are mainly three types of nanometer materials used in this study: NPs (zero dimension), nanotubes or nanowires (one dimension), and graphenes (two dimension). These unique properties render important applications for nanometer materials in many aspects, such as electronic and optoelectronic devices, and in biotechnology. Memory applications have been demonstrated on various nanometer materials. The operational mechanisms for these memory devices include charge storage, nanoelectromechanism, phase transition, and magnetic storage. Three-terminal memory devices utilizing the charge storage on metal or semiconductor NPs have been extensively studied ([@CIT0007]--[@CIT0012]). NPs are used to replace the traditional continuous silicon as the floating gate of flash memory devices, which are three-terminal metal-oxide-semiconductor transistors. Comparing with traditional flash memories that contain the continuous silicon floating gate, the devices with the nanoparticle floating gate have advantage of high density and long retention time. Recently, resistive switches were observed on two-terminal electronic devices with metal or semiconductor NPs as one of the active materials ([@CIT0013]--[@CIT0015]). These devices can be electrically switched between two states with significant different resistances for numerous times and have good stability in both states. These two-terminal devices have fast response to the external electric field and can have extremely high density due to the nanometer size of the active material. Thus, they can potentially solve all technical difficulties in the three leading memory devices: dynamic random access memories (DRAMs), hard-disk drives (HDDs), and flash memories. DRAMs are volatile and need to refresh frequently, even if they have very high switching speed and large number of write-erase cycles. HDDs can achieve very high data density and allow many write-erase cycles, but they have slow response to the magnetic field. Flash memories have advantage of non-volatility, giving rise to the capability to store information for a long time. However, they have a low write-erase speed and limited number of rewrite cycles.

Two-terminal nanoparticle devices are promising to be the next-generation memory devices, because the electronic structure and the properties of NPs can be manipulated by controlling their size and shape, and NPs can be soluble in solvents. The devices can be fabricated through solution processing, which can significantly lower the fabrication cost. In addition, the two-terminal memory devices utilizing the charge storage on NPs can have high flexibility, rendering them highly compatible with other flexible electronic devices that are regarded as the next-generation electronic devices. One example is the combinatorial devices of resistive-switching memory devices with light-emitting diodes, which can be used in electronic books ([@CIT0016], [@CIT0017]). Moreover, extremely high density, terabit-scale or even higher density, can be potentially realized on the two-terminal nanoparticle memory devices. The write, erase, and read processes can be carried out with a tip of atomic force microscope (AFM) ([@CIT0018]). It provides potential to have device density with one bit per particle. Therefore, the two-terminal nanoparticle memory devices can provide a strong impact to information technologies and the semiconductor industry.

Besides the nanoparticle devices, resistive switches were also observed on devices made of nanotubes, nanowires, and graphene ribbons ([@CIT0019], [@CIT0020]). Different from charge storage on NPs, the resistive switches are attributed to the nanoelectromechanical behavior resulting from the Coulombic interaction of the transient charges on the nanomaterials. These nanoelectrochemical devices can be used as high-density and fast-response memory devices.

This article reviews the fabrication, electrical characterization, and memory application of two-terminal resistive-switching electronic devices utilizing the charge storage on NPs and nanoelectromechanical behavior of nanotubes, nanowires, and graphene ribbons. Resistive switch has also been reported on two-terminal devices combining with other active materials, such as molecules ([@CIT0021], [@CIT0022]), phase-change materials ([@CIT0023], [@CIT0024]), and materials with electric-field-induced atom migrations ([@CIT0025], [@CIT0026]). They are important but not included in this review.

Two-terminal resistive-switching devices utilizing charge storage on nanoparticles (NPs) {#S0001}
========================================================================================

Materials, device architectures, and fabrication techniques {#S20002}
-----------------------------------------------------------

[Fig. 1](#F0001){ref-type="fig"} presents chemical structures of some materials used in the two-terminal resistive-switching memory devices using NPs. There are mainly two types of device architectures ([@CIT0013], [@CIT0014]). One has a triple-layer structure sandwiched between two aluminum (Al) electrodes as shown in [Fig. 2](#F0002){ref-type="fig"} ([@CIT0027]). The top and bottom layers of the triple-layer structure are made of organic semiconductors, such as 2-amino-4,5-imidazoledicarbonitrile (AIDCN) ([@CIT0027]), aluminum tris(8-hydroxyquinoline) (Alq~3~) ([@CIT0028], [@CIT0029]), N,N′-diphenyl-N,N′-bis(3-methyl-phenyl)-l,l′biphenyl-4,4′diamine (TPD) ([@CIT0030]), and fullerene (C~60~) ([@CIT0031]). The organic layer has a thickness of 20--50 nm, whereas the middle layer is of a metal, such as Al, copper (Cu), silver (Ag), or gold (Au), with a thickness of around 10 nm. The middle metal layer is made of metal NPs ([@CIT0028], [@CIT0032]). The core is metal and the shell is metal oxide.

![Chemical structures of (a) 2-amino-4,5-imidazoledicarbonitrile (AIDCN), (b) aluminum tris(8-hydroxyquinoline) (Alq~3~), (c) 8-hydroxyquinoline (8HQ), (d) 1-dodecanethiol (DT), (e) 2-benzeneethanethiol (BET), (f) 2-naphthalenethiol (2NT), and (g) polystyrene (PS).](NANO-1-5118-g002){#F0001}

![(a) Schematic architecture of a triple-layer device and (b) AFM image of the middle-metal layer. Reprinted with permission from reference ([@CIT0032]). Copyright (2003) by the American Institute of Physics.](NANO-1-5118-g003){#F0002}

All the three layers are usually fabricated by thermal evaporation of the materials in vacuum. The electrical behavior of the devices is strongly dependent on the morphology of the three layers, particularly on the middle metal layer. The middle metal layer consists of metal NPs coated with metal oxide. The metal oxide is formed as the result of oxidation of metal by the trace amount of oxygen in the chamber during the thermal evaporation ([@CIT0028], [@CIT0032]). Hence, the morphology of the middle metal layer was quite sensitive to the experimental conditions during the thermal evaporation, such as the evaporation rate, vacuum level, and contamination of the chamber. The middle metal layer should be fabricated through a slow evaporation process to obtain an assembly of NPs stabilized by metal oxide. Besides the metal NPs, core/shell CdSe/ZnS NPs were also reported as the middle layer of the triple-layer structure ([@CIT0031]). A triple-layer device with Al NPs as the middle layer, AIDCN as the two organic layers, and Al as the top and bottom electrodes is represented by Al/AIDCN/Al NPs/AIDCN/Al.

Another device structure has a single layer sandwiched between two metal electrodes as shown in [Fig. 3](#F0003){ref-type="fig"}. Ouyang et al. were the first to report such devices in 2005 ([@CIT0033]). In that report, there are three components, gold nanoparticles capped with 1-dodecanethiol (Au-DT NPs), conjugated 8-hydroxyquinoline (8HQ), and polystyrene (PS), present in the active layer of the devices. A device is represented by glass/Al/Au-DT NPs+8HQ+PS/Al, when Al is used as the top and bottom electrode. The Au NPs can be prepared by chemical synthesis and could be soluble in solvents. Thus, the single-layer devices are usually fabricated by solution processing, such as spin coating.

![Schematic architecture of a single-layer device. The gray dots represent the metal nanoparticles. Reprinted with permission from reference (13). Copyright (2006) by the Wiley-VCH Verlag GmbH & Co. KGaA.](NANO-1-5118-g004){#F0003}

Various materials were investigated in the single-layer devices. Besides Au NPs capped with thiols, Au NPs capped with dendrons ([@CIT0034]) and Ag NPs ([@CIT0035]) were also used in the single-layer devices. Resistive switches were also observed on devices with semiconductor NPs, such as ZnO, CdS, CdSe, ZnS, Cu~2~O, core/shell CdSe/ZnS ([@CIT0036]--[@CIT0042]). In addition, magnetite NPs were reported as the active material in devices ([@CIT0043]). Other processing techniques, such as layer-by-layer electrostatic assembly of the nanoparticle and polymer layers, were also reported to fabricate the active layers of the devices ([@CIT0039]).

Resistive switches were observed on a single layer without organic semiconductor for some devices, while the presence of the organic semiconductors can improve the stability of the devices in the low-resistance state. The inert polymer acts as the matrix, which does not contribute to the resistive switches. Hence, resistive switches were recently observed on assemblies of CdSe NPs and core/shell CdS/PbS NPs without organic semiconductors and polymer matrix ([@CIT0018], [@CIT0044], [@CIT0045]).

Electrical characteristic and memory application {#S20003}
------------------------------------------------

Resistive switches were observed on both the triple- and single-layer devices. The electrical behavior is quite sensitive to the experimental conditions and materials used. Generally, two types of resistive switches, bipolar and unipolar resistive switches, were observed ([@CIT0046], [@CIT0047]). [Fig. 4](#F0004){ref-type="fig"} shows typical current-voltage (*I*--*V*) curves of bipolar resistive switches observed on a device glass/Au-DT NP+8HQ+PS/Al ([@CIT0033]). Initially, the device was in a high resistance state. The current was approximately 10^−11^ A at 1 V. The current exhibited an abrupt transition at about 2.7 V to a low resistance state, which increased from 10^−11^ to 10^−7^ A in the first voltage scan (curve a). The high and low resistance states are called 'OFF' and 'ON' states, respectively. The device exhibited good stability in the ON state as indicated in the subsequent voltage scan (curve b). The ON state was able to return to the OFF state by applying a negative bias (curve c), where the current suddenly dropped to 10^−10^ A at −1.8 V. These kind of resistive switches were observed not only on the device with a single polymer layer blended with metal NPs but also on triple-layer devices ([@CIT0013], [@CIT0014]).

![*I*--*V* curve of an Al/Au-DT NPs+8HQ+PS/Al device tested in vacuum: (a) first, (b) second, and (c) third bias scans. The arrows indicate the voltage-scanning directions. Reprinted with permission from reference ([@CIT0033]). Copyright (2004) by the Nature Publishing Group.](NANO-1-5118-g005){#F0004}

The switch from the OFF to ON state could occur at either polarity, i.e. regardless whether the bottom electrode was positively or negatively biased, at the first scan. But the reverse switch from ON to OFF took place only at the opposite polarity of the first scan. Thus, the electrical switches are bipolar resistive switches.

Unipolar resistive switches were also observed. [Fig. 5](#F0005){ref-type="fig"} shows the *I*--*V* curves of a device Al/Alq~3~/Al/Alq~3~/Al as reported by Bozano et al. ([@CIT0028]). Initially, the current density through the device was about 10^−5^ A cm^−2^ at 1 V. The switch from OFF to ON state took place at about 2.8 V, which is the threshold voltage *V*~th~. The device was stable in the ON state if the scanning voltage was kept around *V*~max~, the voltage corresponding to the maximum current. The current density at 1 V increased to 10^−2^ A cm^−2^ after switching to the ON state. The switch from 'ON' to 'OFF' state is different from that for the bipolar resistive switch. The device in the 'ON' state was switched to the 'OFF' state when the voltage was increased to *V*~min~, the voltage corresponding to the minimum current. Thus, the device could be switched from 'OFF' to 'ON' at a voltage higher than *V*~th~. The device was stable in the 'ON' state if the voltage was not higher than *V*~max~. It switched back to the 'OFF' state when the voltage was higher than *V*~min.~ The device could be switched between the 'ON' and 'OFF' states by applying voltages at the same polarity. Hence, these resistive switches are unipolar switches.

![*I*--*V* curves of an Al (50 nm)/Alq~3~ (50 nm)/Al (5 nm)/Alq~3~ (50 nm) device. Reprinted with permission from reference ([@CIT0028]). Copyright (2004) by the American Institute of Physics.](NANO-1-5118-g006){#F0005}

These resistive switches can be repeated numerous times and can be driven by short voltage pulses. The transition time from OFF to ON is less than 25 ns ([@CIT0033]). This electrical behavior renders these resistive-switching devices an important application as non-volatile memory devices. The ON and OFF states could be defined as '1' and '0' as in digital memories, and the process to turn the device from '0' to '1' or from '1' to '0' could be defined as 'write' and 'erase,' respectively. The two resistance states can be detected by applying a small voltage. [Fig. 6](#F0006){ref-type="fig"} shows the write-read-erase cycles of a device Al/Au-DT NPs+8HQ+PS/Al. The 'write' and 'erase' were performed by applying a pulse of 5 V and −2.1 V, respectively, and the 'read' was carried out by applying a pulse of 1 V. The 'read' current after 'write' was higher than that after 'erase' by 2--3 orders in magnitude. The cycles demonstrate that the device can be used as a memory device.

![Write-read-erase cycles of a device Al/Au-DT NPs+8HQ+PS/Al. The top and bottom curves are the applied voltage and the corresponding current, respectively. W, R, and E in the top figure mean write, read and erase, respectively. The labels '1' and '0' in the bottom figure indicate the device in the ON and OFF state, respectively. Reprinted with permission from reference ([@CIT0033]). Copyright (2004) by the Nature Publishing Group.](NANO-1-5118-g007){#F0006}

Another important parameter for the application of these devices as non-volatile memory devices is the stability of the devices in the two states. Both the triple- and single-layer devices are initially in the OFF state and have good stability in the OFF state. The current was flat against time, when a voltage of 1 V was applied on the devices in the OFF state. But the current in the ON state could vary with time. As shown in [Fig. 7](#F0007){ref-type="fig"}, some decrease in the current happened with time. But the current was still higher than that in the 'OFF' state by 1--2 orders of magnitude after 4,000 min ([@CIT0048]).

![Stress test of a device Al/Au-DT NPs+8HQ+PS/Al in the ON state at 1 V in nitrogen. Reprinted with permission from reference ([@CIT0048]). Copyright (2005) by the IEEE.](NANO-1-5118-g008){#F0007}

These resistive-switching devices could potentially have extremely high density since they use nanoparticles as the active materials. In addition, the testing can be even simpler for these two-terminal electrical devices. Operation of these devices with an AFM tip as the top electrode was demonstrated ([@CIT0033]). A schematic configuration for this device and test is shown in [Fig. 8](#F0008){ref-type="fig"}a. The device was fabricated by spin coating a solution consisting of Au-DT NPs, 8HQ, and PS on a conductive Al/Si substrate. The conductive Al/Si substrate was used as the bottom electrode, while an AFM tip was used as the top electrode. [Fig. 8](#F0008){ref-type="fig"}b shows a surface potential AFM picture of a Au-DT NPs+8HQ+PS film on Al deposited on a silicon wafer. At first, an area of 20×10 µm of the film was scanned vertically in contact mode by applying a bias of 10 V through a 50-nm silicon nitride AFM tip coated with Au. Then, another area of 20×5 µm was scanned horizontally by applying a bias of −10 V through the tip. Finally, the scanning surface potential image was acquired with a tapping model by applying a bias of 4 V on the film through the 50-nm AFM silicon nitride tip coated with Au. The two pretreated areas exhibited significantly different surface potentials. Hence, the 'write,' 'erase,' and 'read' can be performed with an AFM tip. Extremely high-density memory cells may be achieved by this way.

![(a) Test configuration for the operation of a device using an AFM tip as the top electrode. Reprinted with permission from reference ([@CIT0048]). Copyright (2005) by the IEEE. (b) Scanning surface potential AFM image of a Au-DT NPs+8HQ+PS film with Al as bottom electrode and silicon wafer as substrate. The vertical bar (yellow) was pre-treated with a +10 V bias, and the horizontal bar (brown) was pre-treated with a −10 V bias. Reprinted with permission from reference ([@CIT0033]). Copyright (2004) by the Nature Publishing Group.](NANO-1-5118-g009){#F0008}

The resistive switches were also demonstrated on nanocomposties of polymer nanofibers with Pt NPs with an AFM tip as the top electrode ([@CIT0049]). Das et al. also demonstrated one bit per particle using CdS, CdSe, PbS, PbSe nanoparticle assembly with an AFM tip as the top electrode ([@CIT0018], [@CIT0050]).

Besides the reversible resistive switches, one-direction switch from OFF to ON state was observed on some devices with Au NPs capped with 2-naphthalenethiol ([@CIT0049], [@CIT0051]) or ZnO NPs as well ([@CIT0036]). The devices exhibited good stability in the ON state after the switch and could not be electrically switched back to the OFF state. They can be used as write-once-read many times memory devices.

Effect of nanoparticles (NPs) on resistive switches {#S20004}
---------------------------------------------------

The performance of the device is found to be sensitive to the nanostructure and the thickness of the middle Al layer for the three-layer devices. Ma et al. observed that the devices did not exhibit any electrical switch when the thickness of the middle Al layer is less than 10 nm ([@CIT0032]). Bozano et al. reported that the device performance was greatly affected by the thickness of the middle Al layer as well and most reliable switching properties could be obtained for devices with the middle Al layer between 5 and 10 nm ([@CIT0028]).

The metal NPs in the active layer play an important role for the resistive switches. It has been understood that the resistive switches are related to the charging and discharging of the metal NPs under an external electric field ([@CIT0028], [@CIT0032]). Hence, the NPs should significantly affect the electrical behavior of the devices. However, no remarkable effect of metal NPs was observed on the resistive switches in early experimental results. Bozano et al. investigated the electrical behavior of devices glass/Al/Alq~3~/NP/Alq~3~ with the NPs fabricated from different metals, including Mg, Ag, Cr, and Au, by thermal evaporation ([@CIT0052]). These metals have different work functions, which are between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbit (LUMO) of Alq~3~ ([Fig. 9](#F0009){ref-type="fig"}). The electrical behavior of the devices was insensitive to the work functions of the metal NPs.

![Energy level representation for different choices of metal NPs for a device Al/Alq~3~ (50 nm)/NP/Alq~3~ (50 nm). Reprinted with permission from reference ([@CIT0052]). Copyright (2005) by the Wiley-VCH Verlag GmbH & Co. KGaA.](NANO-1-5118-g010){#F0009}

Similar investigation was also carried out on the single-layer devices ([@CIT0048]). When Au NPs capped with 1-dodecanethiol was replaced with Ag NPs capped with 1-dodecanethiol in the active polymer layer, no salient difference was observed on the electrical behavior of the devices as well.

The insensitivity of the electrical behavior to the work function of the metal nanoparticle can be attributed to the insulator coating on the metal nanoparticle. The metal oxide shell of the metal NPs in the triple-layer devices and 1-dodecanethiol capped on the Au NPs for the single-layer device act as an insulator. The insulator coating constructs an energy barrier for the metal NPs. When the width of the energy barrier was reduced by short alkanethiols, such as 1-octanethiol and 1-hexanethiol as the capping molecule of the Au NPs in the polymer layer of the single-layer device, the electrical behavior was almost the same as that for the devices with Au NPs capped with 1-dodecanethiol.

The effect of the capping ligand on the electrical behavior was observed when conjugated organic molecules were used as the capping ligand of the metal NPs ([@CIT0048], [@CIT0051]). [Fig. 10](#F0010){ref-type="fig"} shows the *I*--*V* curves of a device Al/Au-BET NPs+PS/Al (BET − 2-benzeneethanethiol). BET with a conjugated benzene ring can be regarded as an organic semiconductor with a wide band gap. The switch from OFF to ON occurred in the voltage range from 6.2 to 7.8 V, less abruptly than that for Al/Au-DT NPs+8HQ+PS/Al.

![*I*--*V* curves of a device Al/Au-BET NPs+PS/Al. The arrows indicate the voltage-scanning directions. Reprinted with permission from reference ([@CIT0048]). Copyright (2005) by the IEEE.](NANO-1-5118-g011){#F0010}

The ligand effect becomes more significant when Au NPs capped with conjugated 2-naphthalenethiol (2NT) were used ([Fig. 11](#F0011){ref-type="fig"}). 2NT, which has a conjugated naphthalene ring, is an organic semiconductor with a bandgap smaller than BET. The switch of the device Al/Au-2NT NPs+PS/Al was even less abrupt than that of Al/Au-BET NPs+PS/Al, while the current in the ON state of the former was remarkably higher than that of the latter. In addition, the device Al/Au-2NT NPs+PS/Al in the ON state could not be returned to the OFF state by applying a positive or negative voltage, so that it could not be used as a non-volatile memory device but a write-once-read many times memory device.

![*I*--*V* curves of a device Al/Au-2NT NPs+PS/Al. The arrows indicate the voltage-scanning directions. Reprinted with permission from reference ([@CIT0048]). Copyright (2005) by the IEEE.](NANO-1-5118-g012){#F0011}

Effect of electrodes on resistive switches {#S20005}
------------------------------------------

The electrical behavior of many electronic devices is sensitive to the work function of the electrode. The effect of electrode on the resistive switches was investigated for the single- and triple-layer devices. When metal NPs coated with metal oxide or alkanethiol were used in the devices, the electrical behavior of the devices was insensitive to the work function of the electrode ([@CIT0052]). Bozano et al. characterized the electrical behavior of triple-layer devices glass/bottom electrode/Alq~3~/Al NPs/Alq~3~/Al with different metals as the bottom electrode, including Al, Cr, Cu, ITO, Au, and Ni. These metals had different work functions ([Fig. 12](#F0012){ref-type="fig"}) ([@CIT0052]). Similar electrical behavior was observed on these devices with different bottom electrodes. The single-layer devices with Au NPs capped with 1-dodecanethiol also exhibited electrical behavior insensitive to the work function of the electrode.

![Energy-level representation for different choices of bottom electrode for a bottom-electrode/Alq~3~ (50 nm)/Al (5 nm)/Alq~3~ (50 nm) structure. Reprinted with permission from reference ([@CIT0052]). Copyright (2005) by the Wiley-VCH Verlag GmbH & Co. KGaA.](NANO-1-5118-g013){#F0012}

The electrical behavior of the devices becomes sensitive to the electrode when Au NPs capped with conjugated organic ligands are used ([@CIT0053]). [Fig. 13](#F0013){ref-type="fig"} shows the *I*--*V* curves of such a device glass/Al/Au-2NT NPs+PS/Au with Al and Au as the top and bottom electrodes, respectively. The electrical tests were performed with respect to bottom Al electrode. This device exhibited bipolar resistive switches sensitive to the electrodes. At the first voltage scan from 0 to 2.5 V, no resistive switch occurred. The current did not exhibit any hysteresis during the subsequent reverse scan from 2.5 to 0 V. However, resistive switch with a rapid current increase took place at the second scan from 0 to −2.5 V. A remarkable hysteresis was observed at the third scan from −2.5 to 0 V. This resulted into the switch of the device from OFF to ON. The device switched back to the ON state in the fourth voltage scans along the positive polarity. It could be switched to the OFF state again by a scan at the negative polarity. The switches between these two resistance states could be repeated for numerous times. The resistive switches of this device were sensitive to the electrodes. The switch from OFF to ON state happened only at the negative polarity, while the reverse switch occurred merely at the positive polarity.

![Current density-voltage curves of a device glass/Al/Au-2NT NPs+PS/Au. The arrows indicate the scan directions in the order indicated. (a): 1st-5th scans and (b): 6th-9th scans. Reprinted with permission from reference ([@CIT0053]). Copyright (2010) by the American Institute of Physics.](NANO-1-5118-g014){#F0013}

The dependence of the resistive switches on the electrodes was further confirmed by using other metals, such as Cu and Al to replace Au as the top electrode. As shown in [Fig. 14](#F0014){ref-type="fig"}, a device, glass/Al/Au-2NT NPs+PS/Cu, also exhibited electrode-sensitive bipolar resistive switches. But the absolute value of the transition voltage from OFF to ON is higher than that of glass/Al/Au-2NT NPs+PS/Au. On the other hand, a device glass/Al/Au-2NT NPs+PS/Al exhibited one-direction resistive switch from OFF to ON state along either polarity. It could not return to the high-resistivity state by a voltage scan along the opposite or same polarity. The absolute value of the transition voltage was higher than the device with Au or Cu as the top electrode. The switching voltages are consistent with the work functions of Au (5.1 eV), Cu (4.6 eV), and Al (4.1 eV). The resistive switch is attributed to the charge storage on Au-2NT NPs. The electrode sensitivity of the resistive switches may be related to contact potential between the Au NPs and the electrode owning to their different work functions.

![Normalized current density-voltage curves of devices glass/Al/Au-2NT NPs+PS/M with M being (a) Au (dashed curves), (b) Cu (solid curves), and (c) Al (dashed-dotted curves). The arrows indicate the scan directions. Reprinted with permission from reference ([@CIT0053]). Copyright (2010) by the American Institute of Physics.](NANO-1-5118-g015){#F0014}

Polymer matrix for single-layer devices {#S20006}
---------------------------------------

In the early single-layer device, an inert polymer like PS was used as the matrix for metal NPs and organic semiconductor, so that the matrix polymer does not involve in the resistive switches. When PS was replaced with poly(methyl methacrylate) (PMMA) as the matrix, the electrical behavior of the single-layer device was almost same ([@CIT0048]). Other insulating polymers, such as polyimides, were also used as the matrix ([@CIT0041]).

The matrix polymer can have an effect on the device performance by affecting the distribution of the metal NPs and organic semiconductor in the polymer layer. Two strategies were adopted to make the polymer layer more controllable. One is to use a conjugated polymer as both the matrix and the organic semiconductor. [Fig. 15](#F0015){ref-type="fig"} shows the chemical structure of some conjugated polymers. Both poly(3-hexylthiophene) (P3HT) and poly(N-vinyl carbazole) (PVK) were used in the active layer of the single-layer devices ([@CIT0054], [@CIT0055]). Beinhoff et al. also synthesized conjugated poly(biphenylmethylene)s as the matrix for the single-layer devices ([@CIT0056]). Another strategy is to use nanocomposites of polymer and NPs. Tseng et al. reported the single-layer device with nanocomposites of polyaniline and metal NPs ([@CIT0049]). Nanocomposites of ZnO NPs and carbon nanotubes (CNTs) were reported as the active materials in the single-layer devices as well ([@CIT0057]).

![Structure of conjugated polymers. (a) poly(3-hexylthiophene) (P3HT), (b) poly(n-vinylcarbazole) (PVK), and (c) polyaniline (PANi).](NANO-1-5118-g016){#F0015}

Another interesting development in the matrix materials is the utilization of biomaterials as the matrix of the single-layer devices ([@CIT0058]). This may bring some biological functions to this kind of resistive-switching devices or application of the resistive-switching devices in biological systems.

Mechanisms for resistive switches {#S20007}
---------------------------------

Though filament formation between the two electrodes resulted from metal diffusion were proposed for the resistive switches observed on some inorganic and organic thin films ([@CIT0059]--[@CIT0061]), many experimental results prove that the resistive switches observed on the nanoparticle devices cannot be attributed to the filament formation. For example, the strong effect of the capping ligand on Au NPs and the electrode-sensitive bipolar resistive switches cannot be interpreted by the filament formation.

It is generally believed that the resistive switches of the nanoparticle devices are related to the charge storage on NPs. But the detailed mechanism has been in argument. Several mechanisms have been proposed: ([@CIT0001]) electric-field-induced charge transfer between NPs and organic semiconductor; ([@CIT0002]) charge trapping on the metal NPs; ([@CIT0003]) electric-field-induced polarization of the middle metal layer for the triple-layer devices.

Electric-field-induced charge transfer between NPs and organic semiconductor has been proposed as the mechanism for the bipolar resistive switches observed on the devices with the active layer consisting of NPs and organic or polymer semiconductor ([@CIT0033], [@CIT0048]). Conjugated organic compounds and polymers are considered as semiconductors. Their conductivity significantly increases after oxidation or reduction. [Fig. 16](#F0016){ref-type="fig"} illustrates the electric-field-induced charge transfer between a nanoparticle and a conjugated organic molecule, 8HQ. The charge transfer results in the charge storage on the nanoparticle and a positive or negative charge on the organic molecule. Consequently, the conductivity of the organic molecule will significantly increase, which accounts for the resistive switch from OFF to ON. A reverse electric field can cause both the NPs and the organic molecule revert to the neutral state, which gives rise to the resistive switch from ON to OFF. This mechanism is supported by the similar resistive switches observed on devices with the admixture of organic donor and organic acceptor in the active layer ([@CIT0062], [@CIT0063]). It can interpret the bipolar resistive switches and original OFF state of the devices. Electric-field induced charge transfer was also proposed for Au NPs capped with organic semiconductors, polymer/nanoparticle composites, and nanotube/nanoparticle composites ([@CIT0048], [@CIT0051], [@CIT0057], [@CIT0064]).

![(a) Schematic electron transfer from 8HQ to the core of the gold NP. The inner gray circle indicates the core of the gold NP, and the outer gray ring indicates the capped DT. (b) Energy-level diagram of the core of the gold NP, DT, and 8HQ. The two dots on the HOMO of 8HQ represent two electrons. The straight arrow indicates the direction of the electric field (*E*), and the curved arrow indicates the electron transfer from 8HQ to the core of the gold NP. Reprinted with permission from reference ([@CIT0048]). Copyright (2005) by the IEEE.](NANO-1-5118-g017){#F0016}

Bozano et al. observed the unipolar resistive switches on the triple-layer devices ([@CIT0028]). They found that the resistive switches were similar to that observed on an oxide thin film blended with Au NPs ([@CIT0065]). Thus, the trap-filled model was used for the unipolar resistive switches ([@CIT0028], [@CIT0066]). The switch from ON to OFF is attributed to charge trapping on the metal NPs. The resulting space charge field inhibits charge injection. This is also used to interpret the resistive switches of a single layer of NPs without organic semiconductor ([@CIT0058]). It is possible that charge-trapping model works for the unipolar resistive switches while the electric-field-induced charge transfer is suitable for bipolar resistive switches of devices with NPs and organic semiconductor in the active layer. The presence of organic semiconductor in the active layer makes the devices in the ON state more stable.

Several groups adopted this charge-trapping mechanism ([@CIT0067], [@CIT0068]). However, Tang et al. argued that the charge-trapping model is not applicable for the resistive switches because it disregards potential energy changes as the result of the charging process ([@CIT0069]). They argued that the resistive switches were due to 2D single-electron tunneling by nanometer metal islands. On the other hand, Rozenberg et al. proposed three types of metal domains in the active film between the top and bottom electrodes: the top domain, the middle domain, and the bottom domain ([Fig. 17](#F0017){ref-type="fig"}) ([@CIT0070]). They proposed that the current through the two electrodes was determined by the charge injection into the top or bottom domain, tunneling through the middle domains, and finally tunneling to another electrode. The charge tunneling between the bottom (or top) domains and the middle domains is much greater than the tunneling between the top and bottom domains. When a voltage produces a large transfer from the middle to the top domain and from the bottom to the middle domain, switch from OFF to ON takes place. The switch from ON to OFF is the result of filling the bottom domains and emptying the top ones under a certain voltage, which results in a low probability of carrier transfer into the already-filled bottom domains and the low probability of carrier transfer out of the emptied top domains to the electrode.

![Schematic view of the model with top and bottom electrodes, insulating medium, smaller top and bottom domains, and large middle domains. Reprinted with permission from reference ([@CIT0070]). Copyright (2004) by the American Physical Society.](NANO-1-5118-g018){#F0017}

The electric-field-induced polarization of the middle metal was proposed by Ma et al. to interpret the bipolar resistive switches observed on their triple-layer devices ([@CIT0016], [@CIT0071]). As shown in [Fig. 18](#F0018){ref-type="fig"}, the external electric field pushes electrons from some metal nanoparticles into other metal nanoparticles, resulting positively charged metal NPs at one side and negatively charged NPs on the other. The charged NPs cause the organic semiconductor to switch from a low conductance to a high conductance, that is, the switch from OFF to ON. A reverse electric field will push the electrons back to the original NPs and result into the neutralization of the metal NPs. Consequently, the device switches from ON back to OFF.

![Free electrons in the metallic Al-nanoparticle core tunneling through the energy barrier formed by the Al/AIDCN reaction layer, from metal nanoparticle to another nanoparticle under the external electric field. The negative charge will be stored on one side and positive charge will be on the other side. The stored charge subsequently makes the organic layers undergo a conductance change and switch the device to the ON-state. Reprinted with permission from reference ([@CIT0032]). Copyright (2003) by the American Institute of Physics.](NANO-1-5118-g019){#F0018}

Resistive-switching crossbars of nanotubes, nanowires, and graphenes {#S0008}
====================================================================

One approach to make high-density electronic devices is to use conductive nanowires as the electrodes ([@CIT0072], [@CIT0073]). Moreover, it was found that some nanowires or nanotubes can serve as both the electrodes and the active materials for the two-terminal resistive-switching devices. Resistive switches were observed on crossbars of CNTs ([@CIT0019], [@CIT0074])([@CIT0075]). [Fig. 19](#F0019){ref-type="fig"} illustrates the crossbar structure of CNTs. Some CNTs are vertically suspended on other horizontally aligned CNTs. The nanotubes serve as both the wires and the functional elements. The two CNTs of a crossbar form a configurable junction.

![Crossbar memory switches. (a) Schematic illustration of a nanowire crossbar memory. (b) Cross-sectional view of the crossbar memory along a row-nanowire. A memory bit is represented by a configurable junction formed between a pair of column- and row-wires. Reprinted with permission from reference ([@CIT0019]). Copyright (2007) by the Nature Publishing Group.](NANO-1-5118-g020){#F0019}

The two CNTs of a crossbar can have mechanical movement when an external electric field is applied, which results in the change of the separation between the CNTs and the electrical current through the crossbar. [Fig. 20](#F0020){ref-type="fig"} illustrates the nanoelectromechanical behavior of a crossbar. When an external electric field is applied to a crossbar, there will be Coulombic interaction between the transient charges on the two nanotubes of the crossbar. The Coulombic interaction will deflect the suspended CNT as CNTs are highly elastic. This can cause the configurable junction close under attraction or open under repulsion. Thus, the crossbars can be switched between the OFF and ON states ([Fig. 21](#F0021){ref-type="fig"}). Each crossbar can be configured independently into an ON state or an OFF state by controlling the applied voltage. This behavior renders the application of the crossbars in memory application. One crossbar serves as one memory bit. The bit size is determined by the diameters of the orthogonally aligned nanotubes. Though traditional mechanical movements are slow, mechanical devices utilizing nanotubes can have very high response speed ([@CIT0075], [@CIT0076]). The nanoelectromechanical-switching array can potentially approach to a density of 10^12^ bits cm^−2^, and the bits can operate in a frequency over 100 GHz. The nanoelectromechanical behavior was observed on vertically aligned CNTs ([@CIT0077]) and other nanowire materials, such as silicon and germanium nanowires ([@CIT0067], [@CIT0078]).

![Electromechanical crossbar memory based on carbon nanotubes. (a) Three-dimensional view of a suspended crossbar array showing four junctions with two elements in the ON (contact) state and two elements in the OFF (separated) state. The substrate consists of a conducting layer (for example highly doped silicon, dark grey) that terminates in a thin dielectric layer (for example SiO2, light grey). The lower nanotubes are supported directly on the dielectric film, whereas the upper nanotubes are suspended by periodic inorganic or organic supports (grey blocks). Each nanotube is contacted by a metal electrode (yellow blocks). (b) Calculated structures of the single-walled CNT device element in the OFF (top) and ON (bottom) states. Reprinted with permission from reference ([@CIT0075]). Copyright (2000) by the American Association for the Advancement of Science.](NANO-1-5118-g021){#F0020}

![Schematic *I*--*V* curves of a configurable junction. Reprinted with permission from reference ([@CIT0019]). Copyright (2007) by the Nature Publishing Group.](NANO-1-5118-g022){#F0021}

Resistive switches were observed on graphene ribbons as well ([@CIT0020], [@CIT0079]--[@CIT0082]). The operation mechanism is similar to the nanoelectromechanical behavior of nanotube or nanowire devices, because graphene ribbons are conductive and highly elastic.

Conclusions and outlook {#S0009}
=======================

Charge storage in metal or semiconductor NPs can result into resistive switches of two-terminal devices. These devices can be switched between the ON and OFF states for numerous times and have good stability in both states. This renders the strong application of these devices as the two-terminal memory devices. These memory devices can have high response speed and high density. They can potentially solve the technical difficulties met in the three leading memory technologies: DRAMs, HDDs, and flash memories. They can have extensive application in both high- and low-end systems.

The resistive switches of crossbars formed by nanotubes, nanowires, or graphene ribbons are attributed to the nanoelectromechanical behavior. They can be used as high-density and fast-response memory devices as well.

However, fully exploring all the advantages of these devices will consume time and needs close collaborations among the material scientists, chemists, and physicists. For example, one big problem in these devices is the repeatability, arising from the difficulties in precisely controlling the sizes of the NPs, nanotubes, nanowires, and nanoribbons. There is also technical difficulty in preparing thin films uniformly dispersed with nanometer materials. In addition, the electric conductivity of nanotubes, nanowires, and nanoribbons are strongly dependent on the experimental conditions. Thus, laboratories sometimes reported quite different data in the resistance ratio of OFF to ON, endurance, and retention time of devices. It is believed that all these problems will be solved with the rapid development of nanoscience and nanotechnologies in future.
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